In situ and digestion studies were conducted to evaluate feather meal (FTH), blood meal (BM), and meat and bone meal (MBM) for escape protein content, amino acid composition of the escape protein, true protein digestibility, and digestibility of the individual amino acids. Following 12 h of ruminal incubation, escape protein values were 73.5, 92.4, and 60.8% of CP for FTH, BM, and MBM, respectively. Blood meal and MBM were poor sources of sulfur amino acids (SAA), whereas FTH was a good source. Most of the SAA of FTH, however, was Cys, with very little Met. True protein digestibilities were not different for the protein sources (P > .15), ranging from 86.7 to 94.0% of the CP. However, digestibilities of the individual amino acids were quite different. Two growth studies were conducted to evaluate FTH as a source of SAA for growing cattle. The first study used 120 steers (228 ± 15 kg) supplemented with urea, MBM, MBM plus 1% FTH, or MBM plus 2% FTH. Additionally, incremental amounts of rumen-protected Met were added to treat-
Introduction
Growing calves consuming forage diets often are deficient in metabolizable protein MP; Wilkerson et al., 1993) . To meet the MP requirement of the animal and increase ADG, escape protein sources generally are supplemented (Goedeken et al., 1990a; Gibb et al., 1992b; Klemesrud et al., 1997b) . However, sources of escape protein vary markedly in amino acid content, influencing the supply of metabolizable amino acids available for the animal (Merchen and Titgemeyer, 1992) .
Meat and bone meal (MBM) is a good source of escape protein, but it is deficient in Met (Klemesrud et al., 1997b) . Supplementation of rumen-protected Met in-207 ments containing MBM. Supplementation of MBM increased (P < .05) ADG compared with the urea control. Addition of FTH to MBM resulted in a linear (P < .01) increase in ADG. However, addition of rumen-protected Met to MBM plus FTH treatments further improved gains. Although FTH is an effective source of SAA, Met probably was first-limiting. The second study used 90 steers (243 ± 18 kg) supplemented with BM plus incremental amounts of SAA from either FTH or rumenprotected Met. Addition of SAA improved ADG compared with BM alone (P < .05). Rumen-protected Met as a source of SAA improved ADG compared with FTH (P < .05). The SAA from FTH promoted a gain response equal to 50% of the response obtained with rumenprotected Met. Formulation of ruminant diets for metabolizable amino acids must account for escape value and digestibility of each individual amino acid. Feather meal is an effective source of SAA; however, Cys supplies over five times the amount supplied by Met.
creased ADG and protein efficiency in steers fed MBM (Klemesrud et al., 1997a) . Blood meal (BM), also an excellent source of escape protein, may be deficient in sulfur amino acids (SAA). Addition of feather meal (FTH) to BM has resulted in improved daily gain and protein efficiency in growing steers, compared with either meal fed alone (Goedeken et al., 1990b) . Feather meal is also an excellent source of escape protein and SAA. However, FTH contributes primarily Cys rather than Met (Goedeken et al., 1990a,b) .
A physiological requirement exists for both Met and Cys. A dietary requirement, however, exists only for Met (Reis et al., 1973) , because Cys can be synthesized from Met. The reverse reaction does not occur. This does not mean that dietary sources of Cys cannot be utilized. On the contrary, dietary Cys can supply part of the need for total SAA (Ahmed and Bergen, 1983) .
This research was conducted to evaluate FTH as a source of SAA in growing calves and to determine the extent to which cystine can contribute to the SAA requirement of the animal.
Materials and Methods
In Situ Study. Samples of MBM, BM, and FTH were incubated in situ according to the procedures of Wilkerson et al. (1995) to estimate escape protein and escape amino acid content. Approximately 4 g of each protein source was placed in each of four Dacron bags (10 × 20 cm; 50 m pore size; du Pont, Wilmington, DE). Each bag was sealed by wrapping the top around a #8 rubber stopper and securing it with a #18 rubber band. The bag was then folded over the rubber band, and a second rubber band was added. Sample bags were placed in a 36-× 42-cm polyester bag made of mesh material and closed with a nylon zipper. To facilitate hydration, the bag was soaked in 39°C water for 20 min before ruminal incubation. The bag was placed in the liquid phase of the ruminal ventral sac of a mature, ruminally cannulated crossbred steer fed at maintenance on a grass hay diet.
Following 12 h of ruminal incubation (Wilkerson et al., 1993) , the bag was removed from the rumen and washed by hand until the rinse water was clear. Sample bags were then dried in a 60°C forced-air oven for 24 h. Total N (AOAC, 1984) was determined before and after ruminal incubation to estimate the amount of ruminal escape protein for each source.
Residue remaining after incubation was composited by protein source and analyzed for amino acid content (Klemesrud et al., 1997b) . Samples were hydrolyzed in 6 N HCl, and amino acid content of hydrolyzates was determined with ion-exchange chromatography (AOAC, 1984) . Separate samples were oxidized with performic acid for analysis of Cys and Met (AOAC, 1984) . All analyses were conducted in duplicate.
The GLM procedures of SAS (1985) were used to analyze the protein degradation data. The experiment was of a completely randomized design, and the statistical model included protein source and error. Least significant differences (F-protected; SAS, 1985) were used to separate treatment means.
Digestion Study. Crossbred wether lambs (n = 32; 54.8 ± 3.3 kg) housed in individual metabolism crates were fed a basal diet (Table 1) containing ensiled corn cobs and alfalfa pellets. Management of animals was approved by the institutional animal care committee. The basal diet was fed to all lambs at 1.6% of BW (DM basis) throughout the trial. This maintenance diet was formulated to provide a minimum of 10% CP, 52% TDN, .42% Ca, and .18% P. Urea was included in the basal diet to ensure that rumen NH 3 was not limiting digestion and provided 44% of the basal dietary CP.
This study consisted of a 14-d adaptation period and a 7-d fecal collection period. Lambs were assigned randomly to treatment protein source; eight lambs were assigned to each of the three protein sources or an unsupplemented control. Supplemental protein sources were fed at 3.75% of the basal diet DMI as units of additional CP. Therefore, the supplemental DMI in addition to the basal diet was dependent on the CP content of the treatment protein source. All diets containing treatment proteins were isonitrogenous and contained 13.75% CP, and the unsupplemented control diet contained 10% CP. Treatment protein sources were individually weighed and hand-mixed into the basal diet at the time of feeding.
Lambs were weighed before the trial to enable feeding of diets on an equal percentage of BW. Lambs were fitted with fecal collection bags to allow for total fecal collection. Feces were collected daily and weighed, and a 10% subsample was taken. Subsamples were composited by lamb for the 7-d collection period. Feed, feces, and orts were oven-dried (60°C), ground through a 1-mm screen, and analyzed for DM and CP content (AOAC, 1984) . Fecal samples were composited by treatment protein source and analyzed for amino acid content using the procedures previously described.
True protein digestibility and true digestibility for the individual amino acids that escaped ruminal degradation were calculated by difference from the unsupplemented-control sheep as outlined by Blasi et al. (1991) . Results were analyzed as a completely randomized design using the GLM procedures of SAS (1985) with the model containing protein source. Least significant differences (F-protected; SAS, 1985) were used to separate treatment means.
Growth Trials. Two calf growth trials were conducted to evaluate FTH as a source of SAA for growing cattle based on ADG response. Trial 1 used medium-framed crossbred beef steers (n = 120; 228 ± 15 kg initial BW) assigned randomly to one of four dietary treatments. Treatments consisted of either a urea supplement, MBM supplement, MBM supplement plus 1% FTH, or MBM plus 2% FTH ( Table 2 ). The inclusion of MBM (6.4%) was equal among the three supplements and formulated to supply 70 g/d of metabolizable protein. This assumes diet consumption at 2% BW based on previous research. The low inclusion of FTH (1%) was formulated to provide 30 g/d of metabolizable protein or 1.5 g/d of metabolizable SAA. The high inclusion of FTH (2%) was formulated to provide 60 g/d of metabolizable protein or 3 g/d of metabolizable SAA.
Additionally, in each of the three MBM treatments, steers were assigned randomly to one of six incremental amounts of rumen-protected Met supplementation (Smartamine M; Rhône-Poulenc Animal Nutrition, Atlanta, GA). These amounts of actual metabolizable Met were 0, 1, 2, 3, 4, or 6 g/d. Smartamine M contains Met (63% metabolizable Met) encapsulated in a pHsensitive coating (poly-2-vinyl-pyridine-co-styrene) that is stable at a ruminal pH of 5.4 yet loses its integrity when it enters the abomasum (Polan et al., 1991) . Six calves were randomly assigned to the urea control and eight calves each to MBM, MBM plus 1% FTH, and MBM plus 2% FTH. Six calves were assigned to each level of Met.
Trial 2 used medium-framed crossbred beef steers (n = 90; 243 ± 18 kg) assigned randomly to one of two treatments, which consisted of either a BM supplement plus incremental amounts of FTH or a BM supplement plus incremental amounts of rumen-protected Met (Smartamine M; Table 3 ). The inclusion of BM (2.6%) was equal between supplements and formulated to supply 106 g/d of metabolizable protein. The NRC (1996) equations predicted that this amount of BM would provide adequate amounts of all essential amino acids with the exception of Met and SAA. Level 1 (NRC, 1996) was used to predict metabolizable protein flow and requirements. Amino acid composition of metabolizable protein supply was from Klemesrud et al. (2000) and requirement from NRC (1996) . Total sulfur amino acid requirements were further estimated from Wilkerson et al. (1993) . Feather meal or rumen-protected Met were added at incremental amounts to provide 0, .25, .5, 1, 1.5, 2, 4, or 6 g/d (.25 g/d level of FTH not included) of metabolizable SAA. Eighteen calves were randomly assigned to the BM control. Seven calves were assigned to each total SSA level of .25 to 1.5 g/d and four calves to each level higher than 1.5 g/d.
Steers for each trial were fed individually, at an equal percentage of body weight, once daily with Calan electronic gates (American Calan, Northwood, NH). Diets fed consisted of 44% sorghum silage, 44% corn cobs, and 12% supplement (DM basis). The DM fed as a percentage of BW was adjusted as needed to minimize orts while maintaining intake near ad libitum. Average DMI was 2.0% and 2.1% of BW for Trials 1 and 2, respectively.
Weight data were collected before feeding every 28 d, and intakes were recalculated based on current weights. Weights were taken on three consecutive days at the beginning, d 56, and end of each 84-d trial. Interim weights were used only for intake collections. Steers were implanted with estradiol-17β at the beginning of each study.
For each trial, animal performance was analyzed by plotting ADG using the slope-ratio technique (Klopfenstein et al., 1985) . Trial 1 used supplemental Met level as the independent variable, whereas Trial 2 used supplemental SAA level as the independent variable. The NLIN procedure (SAS, 1985) was used to determine slopes and maximum gains.
In Trial 1, blood was drawn by jugular venipuncture from all steers before feeding on d 56 of the study. Blood was placed on ice until it was centrifuged at 5,000 × g for 20 min. Plasma was then composited by treatment and amount of Met supplementation. Three milliliters of plasma from each composited sample was deproteinized with 90 mg of sulfosalicylic acid for plasma amino acid analysis (AOAC, 1984) using ion-exchange chromatography with HPLC equipment (Waters, Milford, MA).
Individual plasma amino acid concentrations were plotted against supplemental Met intake. The NLIN procedure of SAS (1985) was used to find the breakpoint in plasma concentration of Met with no initial response to supplemental Met followed by a positive slope. Such a response is characteristic of a limiting amino acid (Gibb et al., 1992a) . Plasma concentrations of essential amino acids with an initial negative response followed by a plateau were also analyzed for a breakpoint. Such a pattern may identify amino acids that became limiting.
Results and Discussion
In Situ Study. After 12 h of ruminal incubation, escape protein of FTH was greater than that of MBM but less than that of BM (P < .01; Table 4 ). Gibb et al. (1992b) reported similar escape values for the same protein sources that corresponded to observed protein efficiencies. Amino acid profiles for the residue remaining after in situ incubation are reported (Table 4 ) and represent the composition of the protein escaping ruminal degradation. Analysis of the residue following incubation was chosen because Varvikko (1986) and Crooker et al. (1981) reported that certain amino acids were more resistant to microbial degradation than others. Likewise, Klemesrud et al. (1997b) reported that amino acid profiles of dietary protein were altered during in situ incubation.
Amino acid profiles for MBM, FTH, and BM are similar to those reported by Gibb et al. (1992b) . Although the escape protein from FTH seems to be an excellent source of SAA, greater than 90% is Cys (Table 4) . Feather meal contains very little Met or Lys, which are essential amino acids often considered first-limiting (Nimrick et al., 1970; Williams and Smith, 1974) . Meat and bone meal and BM, conversely, seem to be poor sources of SAA but good sources of lysine.
Digestion Study. There were no differences in true protein digestibility (P > .15) among MBM, FTH, and BM (Table 5 ). Numerically, BM had the highest true protein digestibility (94.0%) and FTH the lowest (86.7%). Protein digestibility of BM is reported to be excellent, approaching 100% (Loerch et al., 1983; Blasi et al., 1991) . Although protein digestibility of MBM can be reduced by inclusion of hair (Costa, 1994) and overheating during processing (Batterham and Darnell, 1986 ), we obtained a value of 92.6%, indicating that MBM protein was highly digestible. Although there have been reports of poor N digestibilities of FTH in swine (Knabe et al., 1989) , protein digestibility of FTH in ruminants was greater than 86% (Goedeken et al., 1990b; Blasi et al., 1991) . Results indicate that protein digestibility of all three products was excellent.
The true digestibilities of the amino acids in MBM, FTH, and BM, calculated by difference from the basal diet, are shown in Table 5 . Results show a wide range in digestibilities of individual amino acids among the three protein feedstuffs tested. These results are consistent with those of Jorgensen et al. (1984) and Knabe et al. (1989) , who have demonstrated that digestibilities of amino acids vary greatly among protein feedstuffs fed to swine.
The digestibilities of the SAA and Lys are of particular interest because these are often considered firstlimiting in cattle diets. Methionine was highly digestible, ranging from 91.2 to 130.8%. The digestibility of Cys, however, was found to be very low in MBM and FTH, which is consistent with previous research with swine (Jorgensen et al., 1984; Knabe et al., 1989) . This may be the result of hair in the MBM or inadequate hydrolyzation of the FTH. The high digestibility of Cys in BM may be an artifact due to the presence of very little Cys in BM. Lysine digestibility was excellent for BM but very low for FTH, which is consistent with the findings of Knabe et al. (1989) . Results demonstrate that digestibilities of amino acids vary greatly among MBM, FTH, and BM fed to ruminants. More precise Values with unlike superscripts differ (P < .01).
diet formulation may be achieved if the digestibilities of amino acids in a feedstuff are taken into account.
Growth Studies. For Trial 1, ADG of steers was increased (P < .05) when MBM, MBM plus 1% FTH, or MBM plus 2% FTH treatments were fed compared with urea ( Figure 1 ). Although steers fed the urea supplement were deficient in metabolizable protein, the increase in gain presumably was due to greater metabolizable protein from MBM and FTH. Addition of FTH to MBM resulted in a linear increase in ADG (P < .01). This increase in gain may be due to the additional SAA and metabolizable protein that FTH provided (Table 6 ). Supplementation of rumen-protected Met to steers receiving the MBM treatment improved gains. Nonlinear analysis predicted a maximum gain of .40 kg/d (.14 kg/d above the MBM alone; Figure 1 ), which was achieved by the addition of 1.5 g/d of rumen-protected Met. Inclusion of Met in excess of 1.5 g/d did not improve performance of steers supplemented with MBM, suggesting that Met was no longer limiting and(or) another amino acid became first-limiting. Klemesrud et al. (1997a) reported a similar improvement in ADG when rumen-protected Met was added to MBM.
The maximum gain achieved from the addition of 1.5 g/d of rumen-protected Met to MBM was equal to the gain achieved with MBM plus 1% FTH (Figure 1) . The MBM plus 1% FTH was formulated to provide 1.5 g of SAA. However, accounting for the poor digestibility of Cys in FTH, this value was much lower (Table 6) . Regardless, FTH was an effective source of SAA. However, supplementation of rumen-protected Met to steers receiving MBM plus 1 or 2% FTH treatments also im- proved gain. Nonlinear analysis failed to converge upon a breakpoint for either of these two treatments. The ADG response to rumen-protected Met was linear (P < .10; Figure 1 ). Although FTH is an excellent source of SAA, the additional metabolizable protein from FTH may still be deficient in Met. The lack of a nonlinear breakpoint suggests that no other amino acid became limiting. Even though FTH can provide a portion of the SAA not available in MBM, additional Met may further improve performance. Plasma amino acid concentrations are shown in Table  7 . The addition of rumen-protected Met increased plasma Met concentration for the MBM treatment. However, for all three treatments nonlinear analysis failed to converge upon a breakpoint indicative of a limiting amino acid. Additionally, no other amino acid showed an initial negative response followed by a plateau, indicative of a second-limiting amino acid. In this trial, plasma amino acid concentrations were not very useful in predicting amino acid adequacy.
For Trial 2, ADG of steers supplemented with BM was increased (P < .05) by the addition of SAA, from either FTH or rumen-protected Met (Figure 2 ). This increase in ADG is evidence that SAA are the firstlimiting amino acids in BM, and it provides an explanation for the complementary responses observed between BM and FTH (Goedeken et al., 1990b; Blasi et al., 1991) . Although steers supplemented with BM gained .39 kg/ d, the addition of FTH as a source of SAA initiated a maximum gain of .48 kg/d. Addition of rumen-protected Met to BM improved gains in comparison to FTH (P < .05) and resulted in a maximum gain of .57 kg/d (Figure 2) .
Under the conditions of this trial, the maximum gain response for FTH was 50% of the maximum gain response for rumen-protected Met [(.48 − .39)/(.57 − .39)]. Although FTH improves gains, the greater gains achieved with rumen-protected Met suggests that Met, rather than Cys, may still be limiting. However, FTH can provide 50% of the supplemental SAA required for maximum gain. The calculated supply of SAA for steers at the breakpoint for maximum gain was 18.7 g of metabolizable SAA (Table 8 ). Of this, 9.0 g, or 48%, was from cystine. Previous research suggests that Cys can supply nearly 50% of the total SAA requirement in rats (Shannon et al., 1972) , cats (Teeter et al., 1978) , dogs (Hirakawa and Baker, 1985) , and pigs (Chung and Baker, 1992) . Similar conclusions, based on plasma amino acid concentrations, have been reported for growing cattle (Ahmed and Bergen, 1983) . These data suggest that FTH is a source of available SAA, primarily Cys. Also based on ADG response, Cys from FTH is 50% as effective as rumen-protected Met at meeting the supplemental SAA requirement of growing steers.
The forage diets used in these studies supplied energy to support .5 to .6 kg/d gain. These rates of gain would be typical for stocker cattle in the winter prior to summer grazing on green grass. Forage protein is generally highly degraded, and the MP supplied to the intestine of these cattle is primarily of microbial origin. As shown in these studies, Met or total SAA are limiting. Calves fed other forages or high-energy feedstuffs that supply more energy will have increased MP requirements. The proportion of each amino acid in the MP required for gain is probably constant. However, the proportion of amino acids used for maintenance decreases as the rate of gain increases. The maintenance requirement accounted for approximately 58% of the MP requirement in the studies reported herein. The proportion of MP required for maintenance for similar calves fed highenergy diets would be approximately 32%. The important question is whether the amino acid proportions differ for meeting the maintenance vs the gain requirements. The Swine NRC (1998) suggests that there is a difference, but the conclusion is based on very minimal data. For the discussion of this article, the most notable difference is the higher requirement for cystine for maintenance than for gain. This is logical because of the synthesis of keratin. Because of the greater proportion of maintenance requirement in our studies, the proportion of the total SAA requirement that could be met with Cys (about 50%) may be larger than it would be for cattle gaining more rapidly.
Implications
Total sulfur amino acids potentially limit growth in cattle. Feather meal can provide a portion of the sulfur amino acids limiting growth. However, addition of rumen-protected methionine may result in greater gains if methionine rather than cystine is still first-limiting. When formulating ruminant diets for metabolizable amino acids, escape value and digestibility of the individual amino acids must be considered.
